Some interpretations of R D ( * ) anomaly in B meson decay using leptoquark (LQ) models can also generate top quark decays through Flavor Changing Neutral Current (FCNC). In this work we focus on two LQs, i.e. scalar S 1 and vector U 1 which are both singlet under the SU (2) L gauge group in the Standard Model (SM). We investigate their implications on the 3-body top FCNC decays t → c i j at tree level and the 2-body t → cV at one-loop level, with being the SM leptons and V = γ, Z, g being the SM gauge bosons. We utilize the 2σ parameter fitting ranges of the LQ models and find that Br(t → c i j ) at tree level can reach O(10 −6 ) and Br(t → cV ) at one-loop level can reach O(10 −10 ). Some quick collider search prospects are also analyzed.
Introduction
The deviations of B meson decays from the Standard Model (SM) predictions have attracted a lot of attention in the past several years [1] [2] [3] [4] [5] [6] [7] . Two significant processes are R D ( * ) and R K ( * ) which are defined through ratios of Branching Ratios (BRs) as follows: with q 2 = (p l + + p l − ) 2 between q 2 1 and q 2 2 in units of GeV 2 . For R D ( * ) , the world-averaged results after the recent update from Belle Collaboration [8] are 1 :
2)
R SM D = 0.299 ± 0.003 , R SM D * = 0.258 ± 0.005, (1.3) which are larger than the SM predictions at about 3.1σ [10] [11] [12] [13] [14] [15] . The latest measurements of R K at LHCb [16] and R K * at Belle [17] are 2 :
In this work we concentrate on the two SU (2) L singlet scenarios, i.e. S 1 and U 1 , motivated by the simplicity and, as we will see later, the resulting clear correlation patterns between R D ( * ) explanations and the top decays through FCNC. Note that the benchmark parameters we utilize in the numerical analysis may not be able to produce the observed R K ( * ) anomaly. For example, requiring S 1 to explain R K ( * ) appears to result in conflict with R µ/e D = Br(B → Dµν)/Br(B → Deν) [119] . On the contrary, it has been shown that U 1 can still simultaneously generate the observed R D ( * ) and R K ( * ) [120] . Putting aside the complexities in accommodating both anomalies, in this work we will exclusively investigate the R D ( * ) interpretation and the interesting correlations with the top quark FCNC when introducing LQ S 1 or U 1 .
This paper is organized as follows. In Section 2 we briefly capture the Lagrangian we consider for the scalar LQ S 1 and the vector LQ U 1 , and the effective operators they generate in low-energy processes for R D ( * ) . In Section 3 we present the results for top FCNC decays induced at both tree level and one-loop level. Collider search prospects are given in Section 4 and Conclusion will be given in Section 5. Appendix includes full expressions of one-loop Wilson coefficients of t → cV at one-loop level induced by the scalar LQ S 1 .
LQ
In this section we briefly capture the low-energy theory in terms of effective operators for R D ( * ) and the Wilson coefficients generated by the scalar LQ S 1 and vector LQ U 1 , respectively. Then we present the theoretical correlations between R D ( * ) and BRs of top FCNC. We denote LQ as (SU (3) c , SU (2) L ) Y which is its representation in the SM gauge group [120, 121] . Considering the misalignments between gauge and mass eigenstates in the quark sector, we define the left-handed quark doublet as
As mentioned earlier, we will focus on two LQs which are both singlet under the SM SU (2) L group, i.e. scalar S 1 ≡ (3, 1) 1/3 and vector U 1 = (3, 1) 2/3 . Their interactions with the SM fields we consider are
are matrices of new Yukawa interactions in the general case, and τ 2 is the second Pauli matrix. We have neglected the terms of diquark couplings to LQ to ensure the stability of proton [121] . Note again that we have chosen the form of the left-handed quark doublet as
which the down-type quarks are mass eigenstates. Therefore it will be (V g 1L ) ij and (V h 1L ) ij that enter the interactions involving up-type left handed quarks.
The general low-energy effective dimension-six operators involved in B → D ( * ) τν are [100, 110] 
with l = 1, 2, 3 being the neutrino generation index. C SM = 2 √ 2G F V cb is the SM contribution where G F is the Fermi constant. Operators above are defined as
The Wilson coefficients generated by S 1 and U 1 at the energy scale µ = M LQ are
For simplicity, in the following we only consider terms with k = 3 and V 33 ≈ 1 for the LQ contributions 3 . We note that [110] has provided the parameter ranges for various LQ models which can fit the R D ( * ) data (see Table. II therein), as well as how they confront other flavor constraints. For example, a small g 2l 1L can help S 1 pass the constraints from B → X s νν while having available g 3l 1L g 23 * 1R to interpret R D ( * ) . Note that there are only two parameters in our analysis when choosing a certain generation index l, i.e. g 3l 1L , g 23 1R for S 1 and h 2l 1L , h k3 1L for U 1 , which is different from the more complex textures in other works, e.g. [120, 122] . Our choices can result in clear correlations between R D ( * ) and top FCNC decays.
3 LQ S 1 and U 1 for top quark FCNC Diagrams of S 1 , U 1 contributions to top FCNC at tree level t → cτ − + i and t → cν τνi are provided in Fig.1 with i denoting the lepton generation index. Square brackets indicate the chirality of couplings and replacement with particles in the round brackets generate processes involved in R D ( * ) . In Fig.2 and Fig.3 we also show the one-loop contributions to top FCNC t → cγ from S 1 and U 1 , respectively, in which replacing external photon γ with Z boson or gluon g with applicable vertices is straightforward.
In the numerical analysis, we utilize the parameter ranges in [110] for various LQ models which can fit the R D ( * ) data at 2σ level (see Table. II therein). We remind ourselves that moderate differences in the 2σ ranges of parameters presented in different papers do not affect the order of magnitude in top FCNC BRs we will discuss. To be more clear, the parameter ranges we take from [110] in the numerical studies are summarized in Table. 1. For simplicity, we assume all parameters are real in our analysis. 3 To make it consistent, in the following calculations we also ignored terms in LQ-quark-lepton couplings that are induced by non-diagonal CKM elements, i.e. from the up-type quark mixings defined in Qi = [(V † uL)i dL i] T . We checked that the dropped terms are negligibly small.
[ L] Figure 1 : Tree-level top FCNC decays considered in this work, induced by SU(2) singlet scalar LQ S 1 and vector LQ U 1 . Note that we do not calculate these diagrams in this work, due to the lack of ultraviolet completion for vector LQ U 1 in our phenomenological studies. See more discussions in Section 3.2. Table 1 : Parameter ranges we utilize in numerical calculations, taken from Table. II of [110] . For simplicity, we assume all parameters are real in our analysis.
Tree level
One important feature in the top FCNC decay induced at tree level by LQ S 1 and U 1 is that heavy LQ can be reasonably integrated out into effective coefficients in the amplitude,
as a whole piece. It holds well for sufficiently heavy M LQ ( 1 TeV) which can justify the good approximations and suppress the high order terms ∝
in the full calculation.
One-loop level
For t → cV with V = γ, g, Z at one-loop level, the amplitudes can be expressed in the following form:
where p 1 , p 2 , and k denote the 4-momenta of the incoming top quark, outgoing charm quark and the outgoing gauge boson, respectively, and µ (k, λ) is the polarization vector of the outgoing gauge boson. The vertices Γ µ can be decomposed as follows [125] when external particles are on-shell:
and T a are the SU (3) color generators with a = 1, ..., 8. The partial widths are
where C F = (N 2 c − 1)/2N c with N c = 3 is the Casimir factor of SU (N ) and we set m c = 0 for simplicity. We use FeynArts/FormCalc [126, 127] to perform the one-loop calculations which is then linked to LoopTools [127] to obtain numerical results.
First of all, we note that in the case of vector LQ U 1 , the model is non-renormalizable by introducing a single vector LQ U 1 . This results in a divergent U 1 contribution to t → cV at one-loop level, unless the ultraviolet (UV) completion is established to generate the U 1 mass (see e.g. [128] [129] [130] [131] [132] [133] [134] ). The approach will be model-dependent and we will not address it further in this work. More discussions on effects of U 1 at one-loop level can be found in, e.g. [118] .
In the full calculations we include both the SM and the LQ contributions to take into account the interference effects. For the LQ S 1 contributions, we present the full expressions of Wilson coefficients at one-loop level in the Appendix. In the heavy mass range M S 1 1 TeV which indicates M S 1 m t , m c , m τ , one can have approximated results, especially for the massless gauge bosons V = γ, g. By setting m c = 0 and taking
where g s is the coupling of strong interaction. In the above, we have utilized Package-X [135, 136] to perform the loop function reductions. Note that the absence of right-handed dipole current is because of the coupling textures we considered in Table. 1. In the case of massive Z boson, the loop function approximations are tediously long [137] and we keep the full expressions in the Appendix. In Fig.4 we show the numerical results of Br(t → cV ) with colors of red, green, blue indicating V = γ, g, Z, respectively. Solid lines include both the SM and the LQ contribution, while dashed lines are the SM predictions with the CKM matrix values taken from Particle Data Group [138] . In the left panel we choose g 33 1L g 23 * 1R = 1 as an ordinary coupling benchmark to show the decoupling behavior of LQ S 1 contribution with respect to (w.r.t.) M S 1 . We see that when including the LQ S 1 contributions with M S 1 1 TeV, Br(t → cγ) (Br(t → cZ)) are increased by a factor of about 2000 (400) from the SM predictions 5 × 10 −14 (1 × 10 −14 ) to around 1 × 10 −10 (4 × 10 −12 ). However, there is only a mild enhancement by a factor of around 3 for Br(t → cg), which is from 6 × 10 −12 in the SM to around 2 × 10 −11 when including the S 1 contributions. However, with sufficiently heavy M S 1 all values of Br(t → cV ) will reduce to the SM predictions.
In the right panel, we fix 2 TeV with values around 1 × 10 −10 , 1 × 10 −11 , 5 × 10 −13 for V = γ, g, Z, respectively. In the left panel we choose g 33 1L g 23 * 1R = 1 as an ordinary coupling benchmark to show the decoupling behavior of LQ S 1 contribution with respect to M S 1 . In the right panel, we fix Table. 1). Solid lines include both the SM and the LQ contribution, while dashed lines are the SM predictions with the CKM matrix values taken from Particle Data Group [138] .
Collider search prospects
The 2-body top quark FCNC decays have been searched intensively at the LHC. The current constraints on the Br(t → cγ), Br(t → cg) and Br(t → cZ) are found to be 2 × 10 −3 [139] , 2 × 10 −4 [140, 141] and 2 × 10 −4 [142, 143] , respectively. These are about six orders of magnitude above the predicted BR values O(10 −10 ) at one-loop level induced by our LQ scenarios of explaining R D ( * ) , as presented in Fig. 4 . Therefore, with such small BRs there is basically no hope to detect the signals of the 2-body top quark FCNC decays induced by S 1 explanation of R D ( * ) .
As for the 3-body top quark FCNC decays at tree level, our discussions in Sec. 3.1 show that the LQ explanation of the R D ( * ) can induce t → cµτ , t → cτ τ and t → cνν with BRs ∼ 10 −6 . In the following we perform some assessments of the search prospects for the 3-body top FCNC decays at the future upgraded LHC with integrated luminosity of 3000 fb −1 and collision energy at 13 TeV. We will first consider the cut-and-count analysis which turns out to be not effective, then we proceed with further studies using multi-variate analysis techniques of Boosted Decision Tree (BDT) method.
Cut-and-count analysis
The LHC is a top quark factory. With integrated luminosity of 3000 fb −1 and collision energy at 13 TeV, about 2.5 × 10 9 top quark pair events will be produced. If the LQ explanation of the R D ( * ) can induce t → cµτ , t → cτ τ and t → cνν with BRs ∼ 10 −6 , there will be ∼ 2500 events which include at least one top quark decaying in these 3-body FCNC modes. In order to suppress the multi-jet events and trigger the signal events, we require the other top quark in the top quark pair event to decay leptonically (t → bW, W → ν). This requirement still gives ∼ 500 3-body top quark FCNC events induced by our LQ scenarios of explaining R D ( * ) . The dominant SM backgrounds are tt with both top quarks decay through t → bW , diboson production (VV), Drell-Yan process (DY) and W +jets events.
The following preselections will be applied to pick out the final state for each one of t → cµτ , t → cτ τ and t → cνν.
• Selection 1: Exactly one lepton, at least three jets including exactly one b jet and two τ jets.
• Selection 2: Exactly two leptons, at least one muon, at least 2 jets including exactly one b jet and one τ jet.
• Selection 3: Exactly one lepton and more than two jets in the final state, where one of the jet is b-tagged, the missing transverse energy E miss T > 80 GeV.
In the event selections, our requirements include: • The τ jet tagging efficiency is 60% with a QCD jet mis-identification rate of 1% (5%) for p T < 40 GeV (p T > 40 GeV). We set the b-tagging efficiency to be 68 %, and the corresponding mis-tagging rates for the charm and light flavor jets are 0.12 and 0.01 [144] .
The number of signal and background events after selections at HL-LHC are provided in Tab. 2, in which the W +jet events in Selection 1 and 2 are negligible because of low statistics after the requirement of b and τ jets. We can see that after the preliminary selection, the tt events are the dominant SM background and they are about 10 4 ∼ 10 5 times larger than signal events. We also found that with this simple cut-and-count method constructed above, the signal BRs above ∼ 5 × 10 −5 can be excluded at the 95% confidence level (2 standard deviations). Therefore, the simple cut-and-count analysis is not powerful enough for probing the 3-body top quark FCNC decay signals with BR ∼ 10 −6 induced by our LQ scenarios of explaining R D ( * ) . Table 2 : The number of signal and background events after selections at 13 TeV LHC with integrated luminosity of 3000 fb −1 . The signals are the tt events with one top quark decaying leptonically and the other one decaying though t → cµτ , t → cτ τ and t → cνν induced by our LQ scenarios of explaining R D ( * ) with a universal benchmark BR ∼ 10 −6 . The W +jet events in Selection 1 and 2 are negligible because of low statistics after the requirement of b and τ jets.
Multi-variate analysis
We proceed with some further studies using multi-variate analysis of BDT method, which is one of the machine learning techniques with the kinematic variables of the final objects, the angle distributions between leptons and E miss T , and so on. In our results shown in Fig.5 , the input variables we consider include:
• multiplicity of jets, b jet, c jet and τ jet In order to have a smooth distribution of the output BDT, we need to loosen the event selections. As an example, if we loosen the event Selection 1 to 1 lepton and 2 jets (one b jet and one τ jet) for the signal of the t → cµτ process, the signal significance defined by 4 S/ √ B goes down to 0.0138. In Fig.5 when focusing on the last 10 bins of signal and background in the MVA score distribution between [0, 1], we found that using BDT can help the cut-and-count method give an increased significance of 0.0185. Therefore, using the shape of the final BDT distribution we are able to increase the significance by O(30%) compared to the cut-and-count method. However, to further increase the sensitivity in a more comprehensive analysis, we need to perform the shape analysis with more sophisticated statistical tools. As this involves dedicated data analysis with much more statistics, we would leave the technical improvement in future works. Figure 5 : Normalized BDT output distribution for signal and background events. The signal events tend to be close to 1 and the background events are close to -1. The training and testing samples are indicated by the dot and the filled histograms, respectively. The training and testing samples are compatible with each other which means there is no overfitting. We have utilized Delphes [145, 146] to simulate the detector responses.
Conclusion
In this work we studied the correlation between the interpretations of R D ( * ) anomaly in B meson decay using LQ models and the top quark FCNC decays, i.e. 3-body processes t → c i j at tree level and 2-body processes t → cV at one-loop level, with being the SM leptons and V = γ, Z, g being the SM gauge bosons. We focus on the scalar LQ S 1 and vector LQ U 1 which are both singlet under the SM SU (2) L gauge group. Utilizing the 2σ parameter fitting ranges of the LQ models, we find that 3-body processes Br(t → c i j ) at tree level can reach O(10 −6 ), and the 2-body processes Br(t → cV ) induced by scalar LQ S 1 at one-loop level can reach O(10 −10 ). We also provided quick estimations of the collider search prospects for a benchmark scenario Br(t → c i j ) ∼ 10 −6 at 13 TeV HL-LHC with integrated luminosity of 3000 fb −1 . We found that the simple cut-and-count method can not give promising collider signal significance, but multi-variate analysis using BDT technique can provide reasonable improvements. More refined collider analyses are desirable which are left for future dedicated works. 
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Appendix
Here we present the Wilson coefficients of 2-body top quark FCNC decays t → cV at one-loop level induced by the scalar LQ S 1 in Section 3.2. For the dipole current we have:
Note that the absence of right-handed dipole current is because of the coupling textures we considered in Table. 1.
For the monopole current which appears for the massive gauge boson Z, we have:
Coefficients B i , C i in the above are defined in the general one-loop tensor integral [127, 137] :
with the following denominators:
Then one can perform the decompositions as follows:
(5.10)
To carry out the numerical calculations with the public package LoopTools, one needs to impose the parameter conventions of LoopTools by the following transformation:
Note that the loop function coefficients presented in this Appendix has been applied with the transformation. In all of the numerical results presented in this work, we have used the complete expressions with loop functions. However, for M where x τ = m 2 τ /M 2 S 1 , x t = m 2 t /M 2 S 1 . Note that we have kept the first order effect of top quark mass m t in the expansion due to its relatively large value. To illustrate this, in Fig.6 we show the comparison of the approximations to the full results. In the cases of massive Z boson with two external massive particles in the 3-point loop functions, even the approximated expressions are tediously long [137] and we do not proceed with the reductions but keeping the full expression. 
